Despite ongoing research on carotenoid biosynthesis in model organisms, there is a paucity of information on pathway regulation operating in the grasses (Poaceae), which include plants of world-wide agronomic importance. As a result, efforts to either breed for or metabolically engineer improvements in carotenoid content or composition in cereal crops have led to unexpected results. In comparison to maize (Zea mays), rice (Oryza sativa) accumulates no endosperm carotenoids, despite having a functional pathway in chloroplasts. To better understand why these two related grasses differ in endosperm carotenoid content, we began to characterize genes encoding phytoene synthase (PSY), since this nuclear-encoded enzyme appeared to catalyze a rate-controlling step in the plastid-localized biosynthetic pathway. The enzyme had been previously associated with the maize Y1 locus thought to be the only functional gene controlling PSY accumulation, though function of the Y1 gene product had never been demonstrated. We show that both maize and rice possess and express products from duplicate PSY genes, PSY1 (Y1) and PSY2; PSY1 transcript accumulation correlates with carotenoid-containing endosperm. Using a heterologous bacterial system, we demonstrate enzyme function of PSY1 and PSY2 that are largely conserved in sequence except for N-and C-terminal domains. By database mining and use of ortholog-specific universal PCR primers, we found that the PSY duplication is prevalent in at least eight subfamilies of the Poaceae, suggesting that this duplication event preceded evolution of the Poaceae. These findings will impact study of grass phylogeny and breeding of enhanced carotenoid content in an entire taxonomic group of plant crops critical for global food security.
Carotenoids, a class of over 600 structures derived from isoprenoids, are synthesized by all photosynthetic organisms, some bacteria, and fungi. In plants, carotenoids are essential for plant growth and development; mutations blocking carotenoid accumulation have pleiotropic effects on chloroplast biogenesis and seed development (Robertson et al., 1978; Wurtzel, 1992) . Carotenoids function as accessory pigments in photosynthesis, as photoprotectors preventing photooxidative damage, and as precursors to the plant hormone, abscisic acid (Hirschberg, 2001) . The presence of carotenoids in plant endosperm tissue adds nutritional value; in humans and animals, dietary carotenoids are essential precursors to vitamin A and to retinoid compounds needed in development (Lee et al., 1981; Bendich and Olson, 1989) . Nonprovitamin A carotenoids, such as lycopene, lutein, zeaxanthin, and others, also play beneficial roles in human health (Giovannucci et al., 1995; Kohlmeier et al., 1997; Sommerburg et al., 1998; Krinsky et al., 2003) . The various roles of carotenoids affecting plant yield and nutritional potential has made them targets for breeding and metabolic engineering (Shewmaker et al., 1999; Matthews and Wurtzel, 2000; Ye et al., 2000; Davison, 2002; Blott et al., 2003; Gallagher et al., 2003) .
In plants, the biosynthesis of carotenoids occurs on membranes of chloroplasts, chromoplasts, and amyloplasts, genetically identical plastids of very different internal membrane architecture. The plant enzymes, which are for the most part well established, are encoded in the nucleus and targeted to the plastids. Despite ongoing research on carotenoid biosynthesis in model organisms or carotenoid accumulating flowers, there is a paucity of information on pathway regulation operating in plants of world-wide agronomic importance, most specifically in the grasses (Poaceae). As a result, efforts to either breed for or metabolically engineer improvements in carotenoid content or composition in cereal crops have led to unexpected results because of the insufficient understanding of how metabolon assembly and function are controlled in plastids of different membrane architectures (Ye et al., 2000) .
The biosynthesis of all carotenoids begins with the formation of the 40-carbon backbone, phytoene, a step mediated by phytoene synthase (PSY; Cunningham and Gantt, 1998; Hirschberg, 2001) . In maize (Zea mays) endosperm, carotenoid content positively correlates with the dosage of the PSY structural gene, Y1 (Randolph and Hand, 1940; Buckner et al., 1996; Palaisa et al., 2003) . In comparison to maize, rice (Oryza sativa) accumulates no endosperm carotenoids, despite having a functional PSY in green tissue. To better understand why these two grasses, representatives of two different subfamilies of the Poaceae, differ in endosperm carotenoid content, we began to characterize the genes encoding PSY, since this enzyme appeared to catalyze a rate-controlling step in the pathway (Bird et al., 1991; Bramley et al., 1992; Fray and Grierson, 1993; Giuliano et al., 1993; Kumagai et al., 1995; von Lintig et al., 1997) . Previous cloning of the maize Y1 locus, established this gene to encode PSY on the basis of sequence homology with other known phytoene synthase genes, though function of the gene product had never been demonstrated (Buckner and Robertson, 1993) . Most plants have single genes encoding PSY and this was long thought to be true for maize and as a corollary, true for rice. We present evidence that both maize and rice possess duplicate PSY genes encoding structurally unique enzymes that function when tested in a heterologous bacterial system. Furthermore, the PSY duplication is prevalent throughout the grasses (Poaceae), suggesting that this genetic event preceded the evolution of the Poaceae.
RESULTS AND DISCUSSION

Isolation and Characterization of the Duplicate PSY Genes in Maize and Rice
In an effort to isolate the rice ortholog of maize Y1, a homologous rice EST (AY024350) was identified and used as a hybridization probe to isolate several rice genomic DNA bacterial artificial chromosome (BAC) clones. In Southern blots against rice genomic DNA, all of these clones shared the same pattern of hybridizing fragments, indicating they were the same gene. One genomic clone was sequenced and deposited as GenBank AY024351. Phylogenetic comparison of the deduced rice PSY against deduced peptides from all available PSY expressed sequence tags (ESTs), indicated that the rice PSY did not cluster with the deduced maize Y1 product, while another rice EST, AU082986, was the closest relative of maize Y1 (Matthews, 2001) . Although the novel rice gene encoded an apparently complete PSY protein and had an exon structure identical to maize Y1, cluster analyses together with genomic DNA hybridization patterns showed that the novel rice PSY was not the Y1 ortholog. Either the rice gene shared sequence homology but did not encode a functional PSY, or as confirmed below, this gene represented a second but different, functional rice PSY gene, PSY2. With availability of the published rice genomic DNA sequence (http:// portal.tmri.org/rice/), we identified the two different PSY genes, designated PSY1 and PSY2 on chromosomes 6 and 12, respectively, and through comparison to available cDNAs, annotated their exon/intron structures, as shown in Figure 1 . Prior maize mapping results identified both the Y1 locus on chromosome 6 L (6.01) and a second locus, termed psy2, on chromosome 8 L (8.07; http://www. maizegdb.org/), suggesting that maize also contained duplicate PSY genes. Though there was no evidence that the second locus encoded a functional PSY enzyme, evidence for transcripts originating from two loci was obtained when we found maize ESTs in GenBank that showed homology to either rice PSY1 or PSY2. We then screened a maize B73 genomic DNA BAC library and identified and sequenced both a Y1 ortholog (denoted PSY1) and a maize ortholog for rice PSY2, for which gene structures are shown in Figure 1 . Gene structures showed conservation across species; maize PSY1 was more similar to rice PSY1 than maize PSY1 was to maize PSY2 and the same relationship was seen for the rice genes. All four genes contain six exons and five introns. While the size of each of the six exons is conserved across all four genes, intron size is conserved only between orthologous pairs; PSY1 genes have small first introns (approximately 100 bp), longer second and third introns (greater than 600 bp), while PSY2 genes have long first introns (greater than 700 bp) and short second and third introns (approximately 100 bp). The possibility of the second gene, PSY2, being a pseudogene seemed less likely as suggested by the extensive gene structure conservation spanning two different Poaceae subfamilies. Moreover, there was evidence that all four genes were transcribed as indicated by the presence of ESTs in GenBank. At this point, we could not rule out the possibility that the transcripts might not all encode functional products.
Comparison of the Deduced Sequences for the PSY1 and PSY2 Proteins
The deduced protein sequences for PSY1 and PSY2 of maize and rice were determined and aligned (data not shown). Rice and maize PSY1 proteins shared 84.3% similar residues compared with 71.4% similar residues shared between maize PSY1 and maize PSY2. What most distinguished PSY1 from PSY2 were the distinct domains found at the carboxy termini; PSY1 proteins had a 15-residue domain distinct from the Figure 1 . Gene structures of maize and rice PSY1 and PSY2. Maize PSY1 (GenBank AY324431); rice PSY1 (GenBank AP005750); maize PSY2 (GenBank AY325302); rice PSY2 (GenBank AL831803). Arrows and thin bars indicate exons (bold numbers) and introns, respectively, sizes for which are in bp.
7-residue C-terminal domain in PSY2. Using the ChoroP Transit Peptide Predictor, all but rice PSY1 were predicted to have transit peptides (Emanuelsson et al., 1999) . Maize PSY1 was predicted to be 46.5 kD (420 residues) having a 66-residue transit peptide and processed to a 39.8-kD (348 residues) mature plastid protein; rice PSY1 was predicted as 47.6 kD. Maize PSY2 was predicted as 45.2 kD (403 residues) with a 54-residue transit peptide and processed to a 39.5-kD (349 residues) mature protein; rice PSY2 was predicted as 44.7 kD (398 residues) with an 80-residue transit peptide and processed to a 36.2-kD (318 residues) mature protein. The N-terminal sequences, though not highly conserved, were more similar among the orthologs than between the paralogs.
Functional Testing of PSY1 and PSY2
To test whether the duplicated genes encoded potentially functional enzymes, we used a common tool for testing functionality of carotenoid biosynthetic enzymes . Expression constructs were produced and cDNA gene products were transformed into Esherichia coli cells carrying a bacterial gene cluster for the entire pathway except for the gene encoding the bacterial counterpart of PSY (CrtB). Such cells produce pathway end products, zeaxanthin and its glycosylated derivates (Fig. 2 , section A: peaks 3, 1, and 2, respectively), only when a functional PSY enzyme is present; these peaks are absent in the PSY deletion strain transformed with empty vector (section B) or with a truncated PSY2 construct (data not shown). When cDNAs encoding either maize PSY1 (section C), maize PSY2 (section D), or rice PSY2 (section E) were cotransformed along with the crtB deletion gene cluster, the expected products (peaks 1, 2, and 3) and matching spectra (sections F, G, and H) and retention times were observed, indicating that the PSY1 and PSY2 cDNAs tested encoded enzymes that were functional in the bacterial system.
Reverse Transcription-PCR to Test Expression of the PSY1 and PSY2 Transcripts in Maize and Rice Tissues
If either PSY1 or PSY2 transcript accumulation correlates with carotenoid accumulation, we would expect that maize and rice would vary specifically in endosperm transcript levels for one or both genes, given that maize endosperm accumulates carotenoids and rice endosperm does not. To test this possibility, RNA was extracted from young seedlings or endosperm from carotenoid-containing yellow maize, carotenoid-deficient white maize, and rice. Gene-specific primers, pretested on cDNAs to confirm specificity (Fig. 3A) , were used to amplify the transcripts corresponding to the two PSY genes. As seen in Figure  3B , transcripts for both PSY genes were present in RNA extracted from either tissue only in the yellow maize endosperm line; for the white endosperm line, Figure 2 . Functional complementation of PSY1 and PSY2. E. coli cells were transformed with: (A) pACCAR25; (B) pACCAR25DcrtB 1 pET23a (empty vector); (C) pACCAR25DcrtB 1 pEMPSY1-1; (D) pACCAR25DcrtB 1 pEMPSY2-1; and (E) pACCAR25DcrtB 1 pERPSY2-1 and extracted pigments analyzed by HPLC chromatograms shown at 450 nm. The spectral fine spectrum for the pathway end products, zeaxanthin b-D diglucoside (peak 1), zeaxanthin mono glucoside (peak 2), and zeaxanthin (peak 3) are shown in sections F, G, and H with retention times of 7.2 min, 8.1 min, and 13.1 min, respectively.
PSY1 transcripts were absent in endosperm, but both PSY1 and PSY2 transcripts were found in leaves. Similar to the white maize, PSY1 transcripts were only present in rice leaves, but not in endosperm, while PSY2 transcripts were present in both tissues. In comparison, PDS transcripts were amplified and detected in both tissues for both plants regardless of endosperm phenotype . These results indicate that carotenoid accumulation in endosperm correlates with expression of PSY1 but not PSY2 transcripts; expression of PSY2 and PDS transcripts in rice endosperm is insufficient for carotenoid accumulation.
Duplication of the PSY Genes Preceded Evolution of the Poaceae
Since maize and rice belong to different subfamilies of the Poaceae, Panicoideae and Ehrhartoideae, respectively, it was likely that the gene duplication was more widespread in the Poaceae, a phenomenon proven correct by further GenBank database searching. PSY ESTs were identified for Triticum and Hordeum, species in another Poaceae subfamily, Pooideae. Together with the deduced protein sequences for the maize and rice PSY proteins, these additional sequences were compared with deduced PSY proteins of representative dicots and another monocot, Narcissus. The resulting phylogenetic tree seen in Figure 4 shows that for each of the grasses, sequences either cluster into PSY1-like or PSY2-like groups; the grass duplication appeared to have evolved from a common ancestor prior to the evolution of the grasses. In contrast, the dicot duplication seen for the tomato (Lycopersicon) PSY gene is not found in Arabidopsis, which has been fully sequenced, and generally not the rule for dicot taxa, the only other known exception being tobacco (Nicotiana tabacum; Bartley and Scolnik, 1993; Busch et al., 2002) .
How Widespread within the Poaceae Is the Gene Duplication of PSY?
To test further for the distribution of the duplicated PSY genes among other Poaceae subfamilies, orthologspecific universal primers were designed and tested for specificity. As seen in Figure 5A , we observed the expected PSY1 products of 1,123 bp (maize), and not 387 bp that would be obtained if the corresponding region of PSY2 was nonspecifically amplified; and 838 bp (rice), and not a nonspecific PSY2 product of 370 bp. Similarly for PSY2 universal primers, the expected products for maize and rice, 434 bp and 394 bp, respectively, were observed, and not the nonspecific amplification of PSY1, predicted to be 208 bp and 127 bp, respectively. These universal primers were then used to amplify DNA from representative taxa of the Poaceae. DNA sequences of the PCR amplification products, which have been deposited into GenBank, revealed that some amplified genes contained introns, while others did not. Therefore, we used only the exonic regions in a cluster analysis along with corresponding regions of either PSY1 or PSY2 of maize and rice to confirm that the amplified sequence clustered and gene-specific primers tested for both maize and rice. Left column, PSY1 primers amplify only PSY1 template and not PSY2 template; right column, PSY2 primers amplify only PSY2 template and not PSY1 template. B, Specific transcripts for genes indicated were amplified by RT-PCR from leaf or endosperm mRNA of maize or rice. Yellow and white correspond to the endosperm phenotype of maize B73 and the maize y1 mutant, respectively.
with either PSY1 or PSY2 (data not shown). Using this simple PCR assay, we detected duplicate genes in 12 taxa representing 8 subfamilies in the Poaceae, as shown in Figure 5B . The use of universal PSY PCR primers will be valuable in assessing the distribution of the PSY duplication among the monocots. These tools will also be useful in phylogenetic analyses within the Poaceae subfamilies to offer improved resolution of evolutionary relationships.
CONCLUSION
We have found that throughout the Poaceae, the gene for PSY is duplicated, suggesting that this duplication occurred prior to evolution of the grasses. Without evidence of gene product function, Palaisa et al. (2003) previously used associative genetics to correlate endosperm carotenoids with allelic states of maize PSY1 (Y1) but not PSY2 loci. Our data support that study and show that PSY1 but not PSY2 transcripts in endosperm correlate with endosperm carotenoid accumulation. Whereas prior studies did not address whether the genes encoded functional enzymes, we demonstrated that for maize, both PSY1 and PSY2 encode functional enzymes as tested in a bacterial system; rice PSY2 is also functional using this heterologous platform. However, in planta, function requires not only the potential for enzyme activity as demonstrated in the bacterial milieu, but also that the enzyme must localize to a plastid membrane where it gains access to substrate produced by an upstream enzyme. Similarly in Narcissus, where only one PSY gene has been described, PSY was found as an inactive soluble plastid stromal form and as an active plastid membrane-bound enzyme (Schledz et al., 1996) . We provide data that suggest that only PSY1 seems to have both demonstrated activity in E. coli and to function in endosperm. While rice PSY2 is functional in E. coli, it is apparently not functional in rice endosperm. The transcript is translated in rice endosperm (data not shown) but the enzyme is not functional given the absence of carotenoids or carotenoid intermediates in rice endosperm (Burkhardt et al., 1997) . Therefore, our data suggest that PSY1 and PSY2 are not functionally equivalent in planta and that endosperm carotenoid accumulation requires expression of PSY1. The duplicate grass genes are predicted to encode enzymes with variant N and C termini, suggesting that the grass PSYs may target to different plastid membranes. The difference in membrane architecture between endosperm amyloplasts and leaf chloroplasts may offer a possible explanation of why different PSY isoforms may be associated with presence or absence of endosperm carotenoid accumulation. Further characterization of the two grass enzymes will be needed to define their roles in carotenogenesis in the variety of plastid architectures found in cereals and provide insight into the potential for endosperm carotenoid accumulation throughout the grasses.
The PSY duplication in the grasses predisposed evolution of tissue-specific pathway control, providing a mechanism to modify gene expression in the seed without deleterious effects on photosynthetic organs. Had there been only a single PSY gene, its overexpression would have interfered with the photosynthetic complex, most likely causing photosensitivity in the plant (Busch et al., 2002) . The occurrence and persistence of PSY duplications suggests that recruitment of primary carotenoids as secondary metabolites has been adaptive in many species. The existence of parallel (convergent) PSY duplications among the monocots and the dicots, taken together with evidence of altered spatial expression of the gene product of one locus among photosynthetic and nonphotosynthetic organs, supports this supposition. While rice does not accumulate endosperm carotenoids, there are other grasses besides maize that do accumulate seed carotenoids, including sorghum, millet, and wheat (FAO, 1995) . The existence of duplicate PSY factors in the grasses offers novel opportunities to use conventional breeding or biotechnology to select for enhanced endosperm carotenoids in grass species that are of agronomic importance. 
MATERIALS AND METHODS
Plant Materials
Genomic DNA Isolation and Sequence Analysis
A maize B73 genomic BAC library containing 92,160 clones in pECBAC1 and representing 5.2 3 genome equivalents (Dr. H. Zhang, Texas A & M University) was probed with PSY cDNAs (maize PSY1; GenBank ZMU32636); rice PSY2, GenBank AY024350; Zhang et al., 1996) . Five PSY1 and three PSY2 BAC clones were obtained and representatives chosen for further sequencing of both strands by primer walking (DNA Sequencing Facility, University of Chicago Research Center). Sequence assembly and analysis of these and all other DNA samples were performed using Vector NTI Suite, Version 7.0 (InforMax, North Bethesda, MD), and BLAST 2.1 (Altschul et al., 1997) . Maize PSY1 and PSY2 genomic sequences were deposited as GenBank AY324431 and AY325302, respectively. For comparison, rice (japonica) PSY1 and PSY2 used in Figure 1 were AP005750 and AL831803, respectively.
Plasmids and Functional Complementation
Plasmid pACCAR25 (Misawa et al., 1990) contains the Erwinia uredovora gene cluster conferring accumulation of glycosylated zeaxanthin when transformed into Escherichia coli and was used as a positive control; pACCAR25DcrtB (Chamovitz et al., 1992) , containing a frame-shift mutation in crtB (bacterial PSY), was used for heterologous complementation to test function of PSY1 and PSY2 cDNAs subcloned as in-frame translational fusions as follows. A maize PSY2 cDNA (nt no. 3 to nt no. 1,348) was amplified from pAY450646 (GenBank no. AY450646) using forward primer (no. 622) 5#-AAGAGATCGAATTCGGCACGG-3# with an EcoRI site (bolded) and reverse primer (no. 635) 5#-TCCTTGTAACTCGAGCTGATTGAG-3#, with an XhoI site (bolded), digested with EcoRI and XhoI, subcloned into the corresponding sites of pET23a (Novagen, Madison, WI), and renamed pEMPSY2-1. The rice PSY2 cDNA pAY452768 (GenBank no. AY452768) was inserted as an EcoRI/XhoI fragment into corresponding sites of pET23b (Novagen, Madison, WI) and renamed pERPSY2-1. A maize PSY1 cDNA was cloned in-frame in pBluescript, p12A33A, (GenBank no. ZMU32636; Dr. Brent Buckner, Truman State University). E. coli BL21 (DE3) cells (Novagen) were transformed (Sambrook et al., 1989) with combinations of pACCAR25DcrtB and the expression constructs p12A33A, pEMPSY2-1, or pERPSY2-1 or with pACCAR25 and pET23b. Transformants were grown in liquid Luria-Bertani medium with appropriate antibiotics overnight at 37°C with aeration and held at room temperature for 2 d in the dark, centrifuged at 2,000g for 30 min, and pellets extracted twice with acetone. Combined extracts were dried over Na 2 SO 4, concentrated to dryness under a stream of nitrogen, resuspended in injection solvent (acetonitrile, 85%; methanol, 10%; dichloromethane, 2.5%; and hexane, 2.5%), and filtered through a 0.45-m nylon filter (Phenomenex, Torrance, CA) into a 300-mL glass insert in a 2-dram amber vial and subjected to HPLC analysis.
HPLC Analysis
Carotenoids were separated on a Waters (Millipore, Franklin, MA) HPLC system with 2690 separation module, Millenium version 2.0 software (Waters, Franklin, MA), 996 photodiode array detector (Waters), 717 autosampler, using a Nucleosil 5 C 18 (5m, 250 3 4.6 mm) column (Phenomenex, Torrance, CA) with a Nucleosil C 18 (5m, 4 3 3.0 mm) guard column (Phenomenex). Solvent mixtures used for mobile phases were A, acetonitrile:methanol (9:1, v/v) and B, hexanes:methylene chloride:methanol (4.5:4.5:1, v/v/v; Khachik et al., 1999) . Sample injection was followed by 10 min of isocratic conditions using 95% A:5% B, followed by a linear gradient to 45% A:55% B over 30 min. Between samples, columns were reequilibrated for 10 min using 95% A:5% B. All solvent flow rates were 0.7 mL/min. Carotenoids were identified by comparison of retention times and absorption pattern spectra with those of authentic standards.
Isolation of RNA and RT-PCR
Total RNA was isolated from maize leaves and 20 d after pollination endosperm using B73 (a yellow endosperm line) or y1 (a white endosperm line), and from rice IR36 leaves and mature endosperm (RNeasy Plant Mini kit for total RNA isolation, Qiagen, Valencia, CA), concentrations measured spectrophotometrically, and 100 ng of RNA used as template for first strand cDNA synthesis (SuperScript First-Strand Synthesis system for RT-PCR, Invitrogen, Carlsbad, CA). A 2-mL aliquot of the first-strand reaction, 1 to 5 ng of cDNA, was used for PCR amplification under conditions pretested for linearity. Gene-specific primers were designed to flank introns and were tested for specificity using maize PSY1 (GenBank ZMU32636), maize PSY2 (GenBank AY450646), rice PSY1 (pTRPSY1-1, GenBank AY445521), and rice PSY2 (GenBank AY024350). PCR reactions contained 20 mM Tris-HCl pH 8.4, 50 mM KCl, 0.2 mM each dNTP, 1.5 mM MgCl 2 , 0.4 mM each primer, 0.025 units/ mL Taq DNA Polymerase (Invitrogen) and were carried out for one cycle of 3 min at 94°C; followed by 35 cycles of (30 s at 94°C; 30 s at annealing temperature, 45 s at 72°C); and one cycle of 10 min at 72°C. Gene-specific
